The laser induced non-destructive photoacoustic technique has been employed to measure the thermal diffusivity of lanthanum phosphate ceramics prepared by the sol-gel route. The thermal diffusivity value was evaluated by knowing the transition frequency between the thermally thin to thermally thick region from the log-log plot of photoacoustic amplitude versus chopping frequency. Analysis of the data was carried out on the basis of the one-dimensional model of Rosencwaig and Gersho. The present investigation reveals that the sintering temperature has great influence on the propagation of heat carriers and hence on the thermal diffusivity value. The results were interpreted in terms of variations in porosity with sintering temperature as well as with changes in grain size.
INTRODUCTION
Rare-earth phosphate ceramics are well-known for their thermal phase stability, high melting point (above 1900 • C), excellent resistance to corrosion and irradiation [1] , and mechanical properties [2, 3] , and these materials constitute precursors for the further development of thin films and coatings for porous ceramic substrates and composites [4] . However, the performance of the devices based on these materials is essentially determined by their thermal properties such as specific heat capacity [5] , thermal diffusivity [6] , thermal conductivity, thermal expansion coefficient, etc. In recent years, photoacoustic and related photothermal techniques based on thermal-wave physics have gained wide popularity in measuring thermooptical properties of materials [7, 8] , particularly the thermal diffusivity [9, 10] .
As reported earlier, the diffusion of heat through the ceramics, and hence the thermal diffusivity value, are greatly affected by the pores in the specimen [11] , which can be measured using photothermal techniques [12] . In this work, evaluation of the thermal diffusivity of sol-gel derived LaPO 4 ceramics sintered at different temperatures and a detailed study on the influence of porosity and grain size on the thermal diffusivity value are presented, which are of both scientific and practical significance.
PREPARATION OF SAMPLE
Lanthanum phosphate was prepared by the sol-gel route using lanthanum nitrate, 99.9% pure (M/s Indian Rare Earths Ltd., India) and orthophosphoric acid (88%, Qualigens Fine Chemicals, India) as starting materials. A 0.07 M solution of La(NO 3 ) 3 ·6H 2 O was prepared in water and continuously stirred for 30 min using a mechanical stirrer. A total of 2.394 mL of orthophosphoric acid solution was added slowly to this lanthanum nitrate solution, which yielded a white precipitate of lanthanum phosphate. This precipitate solution was vigorously stirred, and the pH was maintained at 2.2. After 8 h stirring, the lanthanum phosphate precursor sol was obtained. The above precursor sol was maintained for 2 days in an atmosphere of ammonia for aging. The gel of lanthanum phosphate was dried and calcined at 400 • C. The calcined powder was compacted at a pressure of 200 MPa to pellets of 11 mm diameter and 2 mm thickness which were sintered in the range 800-1700 • C, at a heating rate of 10 • C·min −1 and soaked for 3 h. The thickness of the sample is further reduced to ∼ 400 μm for the present studies. The relative density of the lanthanum phosphate sample sintered at different temperatures has been measured using an Archimedes displacement method. The porosity p of specimens having a relative density 'x' is evaluated to be p = 1 − x, and those values for samples used in the present investigation, with an error of ∼ 0.2%, are reported in Table I .
Phase identification of the calcined powders was done by XRD (Philips PW 1710) in the range 20-60 • using CuK ∞ radiation, and the [15] , similar to that observed in the TEM photograph of the sample under investigation, recorded using JEOL 3000EX (Fig. 2) . The polished thermally etched surface of sintered LaPO 4 at 1300 and 1500 • C, after providing gold coatings, was observed with a scanning electron microscope (Hitachi, 2240 Japan).
EXPERIMENTAL SETUP
Continuous optical radiation from an argon ion laser (Liconix 5300) at 488 nm and with a beam diameter of 1.2 mm was used as the source of excitation. The laser beam was irradiated uniformly over the sample surface so that transverse diffusion of heat can be neglected. The beam is mechanically chopped (Stanford Research Systems SR 540) before it impinges on the sample surface. The pressure fluctuations created in the non-resonant PA cell cavity due to the periodic non-radiative de-excitation of the sample is detected using a sensitive microphone (Knowles BT 1754), the output of which is fed to a dual phase lock-in amplifier (Stanford Research Systems SR 830). All the measurements are done at an incident power of 50 mW with a stability of ±0.5%. The theoretical background for the evaluation of the thermal diffusivity from the amplitude spectrum of the PA signal is explained elsewhere [16] . The transition frequency f c at which the sample changes from thermally thin (where the properties of the backing material determine the PA signal generation which varies asf −1 ) to a thermally thick regime (where the properties of the specimen determine the PA signal generation which varies asf −1.5 ) was obtained from the log-log plot of the PA signal amplitude versus the chopping frequency. The thermal diffusivity value is then evaluated using the expression k c (p) = l 2 s f c . The experimental setup used for the present investigation is calibrated by evaluating the thermal diffusivity of pure GaAs and Al. The measured values of thermal diffusivity of GaAs and Al (0.260 ± 0.003 cm 2 ·s −1 and 0.978 ± 0.004 cm 2 ·s −1 , respectively) agree well with earlier reported values [17, 18] .
RESULTS AND DISCUSSION
The measured thermal diffusivity values of all the lanthanum phosphate gel specimens under investigation are given in Table I . It is obvious that thermal diffusivity values of LaPO 4 specimens vary with sintering temperature and porosity. A typical variation of PA amplitude spectra for the specimen sintered at 800 • C, characterized by a slope change from ∼ −1 to −1.5, is given in Fig. 3 . All other specimens follow similar behavior (not shown here), in accordance with the Rosencwaig and Gersho theory [19] . It is obvious from Table I that (Fig. 5) is characterized by larger grains, some of which are slightly deformed. This eventually points to the formation of a liquid phase in samples sintered at temperatures above 1300 • C. It should be noted that the formation of a liquid phase at sufficiently high temperatures is generally associated with abnormal grain growth. This could be the reason for the decrease in the density of samples at temperatures above 1300 • C.
Thermal properties of ceramics are basically determined by the composition, structure, and arrangements of phases. The appearance of porosity amounts to a new phase in ceramic materials prepared through the gel route. The thermal energy in ceramics is essentially carried away by phonons. The propagation of phonons through the ceramic lattice is greatly influenced by the microstructural features such as pores, grain boundaries, line defects, etc. The influence of porosity on the propagation of phonons, and hence on thermal diffusivity, has been studied in detail [20] . For cases for which the damping wavelength of thermal waves (L th = 2πμ, whereμ = (k c (p)/(πf )) 1/2 is the thermal diffusion length of the specimen) is greater than or of the order of the typical grain size (L), the 'thermal disturbance' is not affected by the heterogeneity of the sample and the measurements then yield the "global thermal diffusivity" [21] , which is the case for all the samples in the present study. However, the pores in the lattice act as scattering centers for phonons and hence affect the phonon mean free path and consequently the thermal diffusivity value.
By considering the porous ceramics as a two-phase network in which pores are randomly embedded in a solid matrix, the thermal diffusivity of the specimen is given by the expression,
is the thermal conductivity of the specimen having a porosity p. ρ 0 and c 0 are the density and specific heat capacity, respectively, of the specimen with zero porosity [22] . If the thermal conductivity of the porous material is modified by the same ratio as that of the ratio between the actual density and maximum density, the thermal conductivity is given by the Leob equation [23] , K c (p) = K 0 (1 − p) . However, such an approach for the evaluation of the thermal conductivity leads to thermal diffusivity values that are independent of porosity. All the measurements carried out on these ceramic materials reveal that thermal diffusivity values are greatly sensitive to the porosity for samples prepared through the gel route. It has already been reported that the porosity can substantially influence heat transport in SiC ceramics [24] . In order to incorporate the influence of the porosity on the propagation of thermal waves and hence on the thermal diffusivity, Sanchez-Lavega et al. [25] modified the Leob equation as
, where γ is an empirical constant. The observed variation in the thermal diffusivity of the specimen under investigation as a function of the porosity (in %) is shown in Fig. 6 . From Table I , it is obvious that the measured thermal diffusivity values of all the ceramic samples agree well with the thermal diffusivity values calculated using the modified Leob equation. The variation in porosity with sintering temperature results in a proportional variation in scattering centers for phonons with sintering temperature, consequently resulting in a variation in the phonon mean free path. The lattice thermal conductivity (thermal diffusivity), which is also proportional to the phonon mean free path, thus varies in accordance with variations in porosity. The dependence of the porosity on the thermal diffusivity for all the samples under study suggests that the specimens are below the percolation limit. The calculated value of the empirical constant γ (= 1.98) > 1 suggests that the effect of porosity on heat conduction in all the samples under study is not a mere density effect (air holes inside the bulk specimen). More important effects related to porosity and structure of the material may also contribute to a decrease in thermal diffusivity with an increase in porosity [24] . The inverse relation between porosity and thermal diffusivity suggests that the solid area fraction (SAF) in the direction of heat transport essentially determines the thermal diffusivity value [26] . In addition to the pores in the lattice, lattice defects within the grains also affect the propagation of phonons through the lattice. A recent investigation shows that for dense samples, the phonon mean free path is smaller than the grain size at all processing temperatures [27] . Hence, in addition to porosity, the defects in grains also contribute to the variation in thermal diffusivity [28] and this explains the value of γ > 1. Thus, the influence of the sintering temperature and the consequent densification of specimens have great importance in heat transport through ceramics and hence on their thermal diffusivity values.
Apart from the porosity and sintering temperature of ceramic samples, the grain size and thermal contact resistance are two other important factors that affect thermal transport in ceramics. The thermal contact resistance (R T ) at the interface is related to the macroscopic thermal conductivity K c and to the grain conductivity K through the relation
where L is the grain size [29] . SEM studies on the ceramic samples sintered at 1300 and 1500 • C show that the grain size also varies with the sintering temperature. The variation in thermal diffusivity (thermal conductivity) with porosity results in the variation of the thermal contact resistance and, hence, it influences the heat transport in ceramics. Thus, in addition to porosity, the thermal contact resistance also contributes to variations in the effective thermal diffusivity value.
CONCLUSIONS
In this article, we have presented measurements of the thermal diffusivity of LaPO 4 ceramics prepared by the sol-gel route using the laser induced non-destructive photoacoustic technique. The present study shows that the sintering temperature has a great influence on the porosity of ceramics prepared by the gel route. It also confirms that thermal energy transport and propagation of phonons through the ceramic lattice suffer from scattering at the pores of the lattice and results in variations of the thermal diffusivity with porosity. An empirical relation satisfied by the present measurements suggests that the variation in thermal diffusivity with porosity is not merely due to a density effect. The thermal contact resistance is also seen to affect the thermal diffusivity. The present investigation is an example where the measurements carried out by the simple and elegant PA technique can be correlated with the structural variations in the sample. Thus, it is possible to modulate the thermal diffusivity values of ceramic samples by varying the sintering temperature, which has far reaching applications in the microelectronic and optoelectronic industries.
